Abstract-A planar bandpass filter is proposed in this paper. Its stopband is realized by using the concept of bandstop filter. A key merit of the filter configuration is that the position of the transmission zeros can be conveniently controlled whereas the bandwidth is fixed. The bandpass filter is realized using open circuited uniform impedance resonator and stepped impedance resonators. With five reflection zeros generated in the passband, ten controllable transmission zeros are introduced to sharpen the passband skirts. Skirt selectivity can be freely controlled by tuning the impedance ratio of the stepped impedance resonators. Without coupling gaps between resonators, the structure of the filter is simple and easy to fabricate. To illustrate the concept, a bandpass filter with ten transmission zeros is designed, fabricated and measured. Simulated and measured results are found to be in good agreement with each other, with insertion loss in the passbands less than 1 dB.
stopband has room to improve, e.g., more controllable transmission zeros to enhance the stopband characteristics.
This paper presents a bandpass filter with ten controllable transmission zeros. The bandpass filter is designed using open circuited uniform impedance resonators (UIR) and stepped impedance resonators (SIR) developed from bandstop filters [14] [15] [16] . Usually very strong coupling is required in the design of a bandpass filter with a wide passband. A different approach is employed in this paper to avoid the coupling difficulty. The UIR and SIR are employed not only to form the passband characteristics but also to introduce multiple transmission zeros. Skirt selectivity of the bandpass filters can be controlled conveniently by tuning the impedance ratio of the SIR while the bandwidths are fixed. The lossless transmission line model has been used to analyze in-band and out-of-band performances of the filters. For validation, a bandpass filter is designed, fabricated and measured, with insertion loss in the passbands less than 1 dB.
BANDPASS FILTER WITH TEN TRANSMISSION ZEROS
Transmission line structures based on series and shunt stubs are usually used to design bandstop filters, and these structures can be also used to realize bandpass filters with multiple transmission zeros. The lossless transmission model of the proposed bandpass filter is presented in Figure 1 , which consists of one open-circuited UIR ( 6 ) and two connecting transmission lines (Z 2 , θ 2 ). The ABCD parameters of the filter can be derived using lossless transmission line model [14] as
O/P I/P Figure 1 . Configuration of the bandpass filter with ten transmission zeros.
where Y in-SIR1 is the input admittance of one SIR (Z 3 , Z 4 ),
The corresponding reflection and transmission coefficients of the filter is
• at the center frequency (f 0 ) of the bandpass filter, the equivalent circuit of the structure in Figure 1 is a fifth order bandpass filter, the open-circuited UIR or SIR can be equivalent to parallel resonant circuit [17] , the connecting transmission line can be equivalent to series resonant circuit, and the impedances of the resonators are determined by the bandwidth and ripple level of the bandpass filter [12] . By setting S 21 = 0, when 0 < f < 2f 0 , the transmission zeros due to the UIR are obtained as
Eight additional transmission zeros due to the SIRs are obtained as
From formulas (10)- (17), the transmission zeros can be adjusted freely by tuning the impedance ratio. Therefore, the selectivity of the bandpass filter can be tuned by selecting proper K 1 and K 2 . Since our filter structure is realized by using transmission line technology. Thus, the filter performance exhibits periodic property. The six transmission zeros located at the position of f z1 , f z2 , f z4 , f z5 , f z8 , and f z9 are realized within one period of the transmission line structure as derived in Eqs. (9), (11), (12), (15), (16) . The other four transmission zeros located at the position of f z7 , f z3 , f z6 and f z10 are produced by the transmission line structure of lower and upper period. Figure 4 shows the simulated S 11 and S 21 of the proposed bandpass filter under different K 1 and
, the locations of the transmission zero are the same, but the stopband attenuation levels are different. From Figure 4 , K 1 = 1 and K 2 > 1 can be selected for designing bandpass filter with high selectivity and stopband attenuation. 
EXPERIMENTAL RESULTS
A bandpass filter with a fifth-order Chebyshev frequency response and 0.01-dB ripple level is fabricated on a substrate with dielectric constant ε r = 2.55, loss tangent δ = 0.0029, and thickness h = 0.8 mm for validation. The central passband frequency is selected to be 4 GHz, and the relative bandwidth is chosen to be 25%. Figure 5 shows the schematic layout of the proposed bandpass filter. The connecting transmission lines are meandered to reduce the circuit size, and an open-circuited stub (L 10 , W 6 ) is shunted at midpoint of the half-wavelength UIR to reduce the influence of the dispersion. The impedance ratio K 2 is selected as 3 to obtain good selectivity (K 1 = 1 Figure 6 . The total size is 69 mm × 29.9 mm, which is approximate 1.34λg by 0.581λg, where λg is the guided wavelength on the substrate at the central passband frequency. Figures 7 and 8 show the simulated and measured results, including group delay. The measured insertion loss at central passband frequency is 0.84 dB, while the return loss is 14.8 dB. The measured 3 dB bandwidth is found to be 3.465 to 4.524 GHz, and fractional bandwidth is approximately 26.5%. The measured minimum attenuation is 20 dB from 0.67 to 3.23 GHz in the lower stopband and 4.72 to 7.15 GHz in the upper stopband. The measured group delay of the transmission coefficient is less than 2.7 ns in the passband. Table 1 shows a performance comparison between this work and three previous bandpass filters. The attenuation rate is defined as follows.
Attenuation Rate = 20 dB − 3 dB where f 20 dB denotes the 20 dB frequency point of the insertion loss and f 3 dB the 3 dB frequency point of the insertion loss. From this table we can find the filter proposed in this work has the highest number of transmission zeros and the maximum attenuation rate.
CONCLUSION
A modified bandpass filter is presented in this paper. The filter has ten controllable transmission zeros and good group delay performance. Sharp roll-off and improved stopband performance is achieved. The introduction of SIR makes it possible to conveniently control the skirt selectivity. Design equations and curves have been given for the suggested topology. The proposed structure has been verified through the design, implementation and measurement of the microstrip bandpass filter centered at 4 GHz with ten transmission zeros.
